The velocity and behavior of crowded particles in the flow of gas-particle mixture as related to the shape of a convergent-divergent nozzle were investigated. Calculated values of the velocity of particles accelerated with various types of nozzle were compared with the experimental results measured by the double-flash photographic method. It was found that the calculations and experiments were in good agreement within the error of experimental measurement.
Introduction
This research is part of a study on the grinding mechanism of the fluid-energy mill, in which particles are accelerated by high velocity gas and fractured by colliding with either the chamber wall or each other.
Since the intensity of collision is dependent upon the velocity of particles, it is important to measure the particle velocity and to clarify particle behavior related to the grinding mechanism of the fluid-energy mill. In recent years, there has been muchwork on gasparticle mixture flow, such as studies of the flow behavior of solid propellant in rocket nozzle1'2>10) and the erosion damageat the walls of a nozzle5}6). Gasparticle mixture flow in the nozzle was also investigated theoretically or experimentally by Rumpf7>8) and Schlaug9). However, it is insufficient to predict the velocity of crowded particles from the data of particle velocity measured with a single particle, owing to the interactions of particles. Also, the behavior of particles inside the nozzle, especially in the vicinity of the nozzle throat, has been little investigated. This work was undertaken to clarify the above problems, to investigate the effects of nozzle shape on the behavior of particles, and to examine the effects of parameters such as particle size, particle density, initial air pressure, and feed rate of particles on the velocity of particles. Figure 2 shows the dimensions and shape of nozzles used in this experiment in detail. 
2 Testing material
Spherical, impact-resistant polystyrene (PS) particles were used in most of the experiments because of their excellent resistance to fracture during experiments. In part, glass beads and copper particles were also used to investigate the effects of the density of material. Testing materials were repeatedly classified and made uniform with JIS standard sieves. As illustrated in the photograph of Fig. 4 , the measurement of particle velocity was carried out by the following procedure. First, the time interval between two micro flashes is set with, delay circuit and confirmed with counter and oscilloscope. Next, the length of flying path of a particle for a knowntime interval is directly measured on the photograph, and the direction of its movementis easily distinguished by tracing the flying path of the particle.
2) Experimental procedure The experimental procedure consists of the adjustment of air flow rate and solid feed rate, the measurement of particle velocity, the observation of collision, and the collection of particles with bag filter. The air flow rate was controlled by adjusting the pressure-regulating valve.
The experimental ranges and the testing materials are shown in Table 1 . In the convergent region of the nozzle, the particles are introduced into the throat along the nozzle wall by the rapidly accelerated air flow. Although the micro-random motion of particles in the convergent region of the nozzle could not be obviously taken on the photographs, such a random motion was visible to the naked eye. In the vicinity of the throat, the particles turn their progressive ways along the contour of the throat from a convergent toward a divergent direction. It is considered that this rapid turning of direction makes particles collide with or rub each other more frequently. In the divergent region, most Although the behavior of particles before the throat could not be considered as one-dimensional flow, it was confirmed by experiment that the flow of gasparticle mixture after the throat could be appoximately recognized as one-dimensional and uniform velocity distribution flow.
Experimental Results and Considerations
2) Experimental results on the particle velocity
The velocity of particles is defined as the mean value of particle velocities at each cross-sectional area of the nozzle. Figure 6 shows the measured velocity of particles related to the shape of the nozzle. The velocity of particles was also measured under various operating conditions. In Table 2 , the measured values of particle velocities are compared with the values of particle velocities calculated by Eq. (1) mentioned in the following section.
3) Comparison between experimental data and calculated values By assumptions used in the previous study2>10), the equation of particle motion for steady frictionless nozzle flow can be described as follows:
The velocity of gas flow along variable area of nozzle is expressed as follows3} : The calculation of particle velocity was carried out based on the following conditions: 1) the initial particle velocity at the inlet of the convergent region of the nozzle is 20 m/s (the calculated particle velocity scarecely varied with inlet particle velocity in the range of 10 m/s to 30 m/s.); 2) the initial temperature of air in the mixing chamber is 293K; 3) shock waves do not occur at any position in the nozzle before the parallel part of the nozzle; 4) the mixing ratio, defined as the ratio of mass feed rate of particles to mass flow rate of gas, is very low, so that the presence of particles has no influence on the motion of particles; 5) the value of drag coefficient CDin the range of supersonic region after the nozzle throat is 1.0, based on May's paper4}. From May, the coefficient CD is about 1.0 over the range of Mach number from 1.0 to 3.0 and Reynolds number from 103 to 104. Figure 6 shows also calculated value of the particle velocity for the number 1 nozzle. As shown in Fig. 6 , the experimental results for various types of nozzle agreed well with the calculated values within the error of experimental measurement. One standard deviation of particle velocity at 105 mm distance from the throat of nozzle was 6.7 m/s. 4) Considerations about the shape of nozzle From VOL. ll NO. 6 1978 the results on the velocity of particles as shown in Figs. 5 and 6, it was found that nozzle shape has considerable influence upon the acceleration of particles along the divergent region of the nozzle. The whole angle of the divergent wall of the nozzle is closely associated with the frequency of collision when particles pass through the nozzle, while the length of the divergent region is strongly related to particle acceleration. Thus it was confirmed that the optimum shape of nozzle for particle acceleration has the following dimensions: the whole angle of divergent wall is from 6°to 10°, and the length of divergent region is from 100mm to 130mm for accelerating coarse particles, while a length of less than 100 mmis sufficient for fine particles.
2 Parameters having an effect on the velocity of particles
Whenthe mixing ratio is low, it is considered that particle size, particle density, and initial air pressure are main parameters having an effect on particle velocity. The experimental results for these parameters are shown in Figs. 7, 8 , and 9. Figure 7 shows the influence of particle size, Fig. 8 the influence of particle density, and Fig. 9 the influence of initial air pressure in mixing chamber ®. Experimental results Fig. 7 Particle velocity related to the particle size Fig. 8 Particle velocity related to the density of particle Fig. 9 Particle velocity related to the initial air pressure for the above parameters agreed well with calculated values within the error of experimental measurement.
The Formulation of Particle Velocity
Most of the data mentioned above were measured for the case of low mixing ratio. Whenthe mixing ratio is low and the interaction between particles is negligible, particle velocity can be predicted by Eq.
(1). However, such a calculation is very troublesome, and the effect of gas-particle mixing ratio on particle velocity is not taken into account in Eq. (1). Accordingly, expression of experimental results of particle velocity in a simple formula was tried. The parameters having an effect on particle velocity such as particle size, particle density, initial air pressure, and mixing ratio should be taken into account in this formula. The particle velocity may be considered as a function of the following variables;
Vp=<j>(X, D%, Dp, Pp, Po, Wp, Wg)
A conventional dimensional analysis using the Rayleigh index method has yielded the relationship that particle velocity in the nozzle can be described as follows :
The values of exponents, a, b, and c of dimensionless groups in the function $ were obtained from data of velocities of particles at a distance of 55 mm and 105mmfrom nozzle throat. Figure 10 Figure ll shows the relationship between particle velocity and the dimensionless group (X/Dn). Figure 10 shows that the exponent of dimension group (PogclpP) coincides with 0.50, which is derived from the dimensional analysis as shown in Eq. (4). Figure 12 is a plot of the relation between particle velocity and mixing ratio, and shows that particle velocity hardly varies with mixing ratio in the range of m<0.1, while over the range of m^0.1, it decreases by the exponent, -0.10 with increase of m. Therefore, it is reasonable that when the mixing ratio is less than 0.1, its effect on particle velocity can be negligible.
The 
where the dimensionless group (V%/2CpgTgo) on the left side of above equations expresses the specific kinetic energy of particles per unit stagnation enthalpy of air, in other words the specific energy efficiency, for accelerating particles with given nozzle and operating conditions. Each dimensionless group on the right side has a physical meaning as follows.
(X/Dn) expresses the shape characteristics of nozzle, (Dp/Dn) the ratio of particle size and throat diameter, and (pgolpp) the density ratio of air at stagnation point and solid particle. The value of coefficient kx in Eq. (5) is 1.06, and the value of the coefficient k2 Eq. (6), whose value is 0.669, is obtained from the condition that Eq. (6) coincides with Eq. (5) at ra=0.1. In addition to the results of this experiment, the data reported by other researchers, Neison and Gilchrist5), Rumpf8), and Schlaug9), are calculated by Eq. (5), and shown in Fig. 13 and (6) is very convenient for predicting the particle velocity for gas-particle mixture flow in a nozzle.
Conclusions
The velocity and behavior of particles in the flow of gas-particle mixtures related to various types of nozzle were investigated with the double-flash photographic method.
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